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Introduction {#sec001}
============

Mercury (Hg) is a global pollutant adversely affecting human and wildlife health due to its toxicity and distribution in the environment \[[@pone.0230310.ref001]\]. Various processes, both natural and anthropogenic, lead to the release of primarily inorganic Hg (IHg), which can undergo methylation resulting in formation of neurotoxic monomethylmercury (MeHg). While both IHg and MeHg can be taken up by biota, only MeHg bioaccumulates in aquatic food webs \[[@pone.0230310.ref001],[@pone.0230310.ref002]\].

The primary pathway for MeHg production is microbial Hg methylation \[[@pone.0230310.ref003]\], and a bacterial gene cluster associated with such methylation (*hgcAB*) has recently been discovered \[[@pone.0230310.ref004],[@pone.0230310.ref005]\]. It was previously thought that mainly sulfate-(SRB) and iron-(FeRB) reducing bacteria methylate Hg in anoxic conditions \[[@pone.0230310.ref006]--[@pone.0230310.ref008]\]. However, the *hgcAB* gene cluster has been identified in some syntrophic and fermentative *Firmicutes* indicating a broader phylogenetic and functional representation of Hg methylators \[[@pone.0230310.ref009]\]. Recently, clade-specific quantitative PCR (qPCR) assays were developed to quantify the abundance of *hgcA* gene of the main methylators \[[@pone.0230310.ref010]\]. Hence, *hgcAB* and *hgcA* distribution can be used to predict occurrence of potential Hg methylators in the environment \[[@pone.0230310.ref011]\]. Understanding *hgcAB* and *hgcA* distribution is essential for estimating MeHg production in the water column and biomagnification in food webs \[[@pone.0230310.ref012]\].

Worldwide, great differences in MeHg accumulation have been reported for similarly structured and geographically close food webs \[[@pone.0230310.ref002],[@pone.0230310.ref012]\]. In aquatic environments, MeHg production takes place in both sediment and water column \[[@pone.0230310.ref012],[@pone.0230310.ref013]\]; however, in the oxygenated waters, Hg methylation may occur in anoxic microenvironments on sinking organic matter \[[@pone.0230310.ref007]\]. In the water column, MeHg, bioconcentrated by phytoplankton, heterotrophic biofilms and periphyton, enters the food web via zooplankton grazing, with subsequent transfer of zooplankton-associated MeHg to zooplanktivores \[[@pone.0230310.ref012],[@pone.0230310.ref014],[@pone.0230310.ref015]\]. An additional source of MeHg and a possible contributor to the variability in food-web bioaccumulation could be endogenous Hg methylation by gastrointestinal microbiota \[[@pone.0230310.ref005],[@pone.0230310.ref016]\] with subsequent MeHg uptake by the host. Therefore, endogenous Hg methylation in primary consumers could constitute an unexplored MeHg source with consequences for higher trophic levels. Exploring the Hg methylation capacity of gut microbiota has been attempted in various animals using both analytical and molecular approaches \[[@pone.0230310.ref016]\]. While the gene cluster *hgcAB* has been identified in the gut microbiome of some terrestrial arthropods \[[@pone.0230310.ref005],[@pone.0230310.ref016]\], its status in aquatic invertebrates is so far unknown.

In the Baltic Sea, Hg sources are historically high, due to both natural and anthropogenic inputs \[[@pone.0230310.ref017]\], which should promote Hg methylation ability in microorganisms \[[@pone.0230310.ref003]\] and facilitate establishment of methylators in microbiota of filter-feeders, such as zooplankton. The objective of our study was to conduct a field survey to identify whether the *hgcA* gene is present in the gut microbiome of zooplankton in the Baltic Sea. Our findings reported here represent the first record of potential methylators associated with zooplankton and imply that endogenous Hg methylation might occur in primary consumers as a pathway by which MeHg can enter the food webs.

Materials and methods {#sec002}
=====================

Ethics statement {#sec003}
----------------

The sampling was conducted within Swedish and Finnish Marine Monitoring Programmes in the Baltic Sea and SYVAB's marine monitoring program in the Himmerfjärden Bay (Himmerfjärden Eutrophication Study; [www2.ecology.su.se](http://www2.ecology.su.se/)), and no specific permissions were required for any of the sampling locations in this study. Also, we did not require an ethical approval to conduct this study as no animals considered in any animal welfare regulations and no endangered or protected species were involved.

Field zooplankton collections and sample preparation {#sec004}
----------------------------------------------------

We focused our survey on microcrustaceans, cladocerans and copepods, which are the major groups of mesozooplankton in the Baltic Sea. These microscopic animals are largely herbivorous, with parthenogenic cladocerans thriving in the mixing layer and reproducing mostly during summer, whereas copepods usually reside at deeper layers performing vertical migrations related to onthogeny, temperature and predation risk \[[@pone.0230310.ref018]\].

Zooplankton were collected at four stations in the coastal and open sea area of the northern Baltic Proper and the Bothnian Sea ([Table 1](#pone.0230310.t001){ref-type="table"}, [S1 Text](#pone.0230310.s001){ref-type="supplementary-material"}, [S1 Fig](#pone.0230310.s008){ref-type="supplementary-material"}). Samples were taken by vertical tows at 0.5 m/s with a WP2 net (mesh size 90 or 100 μm; ring diameter 57 cm) equipped with a cod end. At some stations, bottom to surface tows were taken, and at others, we used either stratified tows or sampled only an upper part of the water column.

10.1371/journal.pone.0230310.t001

###### Summary of zooplankton samples used for qPCR analysis.

Species abbreviations for copepods: *Acartia bifilosa* (Ab, adults), *Eurytemora affinis* (Ea, adults), *Limnocalanus macrurus* (Lm, CIV), and *Pseudocalanus acuspes* (Pa, CIV), and cladocerans: *Bosmina coregoni maritima* (Bm, body length \> 0.7 mm) and *Cercopagis pengoi* (Cp, \> 2mm, excluding the tail spine). In total, 33 field-collected zooplankton samples and 3 reference samples (*Artemia* spp.) were analyzed.

![](pone.0230310.t001){#pone.0230310.t001g}

  Station   Location, area                                             Geographic coordinates and bottom depth   Month, Year   Sampling depth, m   Number of samples per species                   
  --------- ---------------------------------------------------------- ----------------------------------------- ------------- ------------------- ------------------------------- --- --- --- --- ---
  H4        Himmerfjärden Bay, Northern Baltic Proper, Swedish coast   N 58°59\', E 17°43\'; 30 m                Jun 2007      28--0                                               3           3   2
  BY31      Landsort Deep, Northern Baltic Proper, open sea            58°35\' N, 18°14\' E; 454 m               Jun 2009      100--60                                                     3       
  30--0     3                                                          3                                                                           3                                               
  F64       Åland Sea, open sea                                        N 60°11\', E 19°08\'; 285 m               Sep 2009      100--0              3                                               
  US5b      Bothnian Sea, open sea                                     N 62°35\', E 19°58\'; 214 m               Aug 2006      100--0              3                                   4   3       

Animals retrieved from the cod-end were placed in 0.2-μm filtered aerated seawater and supplied with an excess of the cryptophyte *Rhodomonas salina* (strain CCAP 978/24) to clear the guts of any potential *hgcA*-containing microorganisms associated with their food items and only retain those microbes closely associated with the gut mucosa. The animals were transferred to the new medium containing the fresh algal suspension two-three times. This procedure was applied to all species except *Cercopagis pengoi*, a predatory onychopod, feeding by puncturing exoskeleton of planktonic crustaceans and sucking soft body tissues \[[@pone.0230310.ref019]\]. Such feeding mode leaves the chitinous gut of the prey intact in the discarded carcass, hence, the contamination of the predator gut with prey microflora was considered unlikely, and *C*. *pengoi* were not subjected to the gut clearance procedure. For the rest of the zooplankton, randomly selected individuals with visibly reddish guts (indicating that the animals were active and feeding during the incubation) were selected following two-hour incubation. All specimens were preserved in groups using RNA*later* and stored at --20°C \[[@pone.0230310.ref020]\].

From the RNA*later*-preserved samples, different species of copepods and cladocerans were picked under a dissecting microscope with forceps, rinsed in artificial seawater, and transferred in groups (30--50 ind. sample^-1^) into Eppendorf tubes. The following species and developmental stages were selected for the analysis: (1) copepodites (CV--VI) of *Acartia bifilosa* and *Eurytemora affinis*; these are small calanoids, dominant in the study area and present all year round, mostly in the epipelagia; (2) copepodites (CIII-IV) of *Limnocalanus macrurus* and *Pseudocalanus acuspes*; these are large calanoid copepods, dominant zooplankton below the halocline in the Northern Baltic, and important prey for zooplanktivores; (3) cladoceran *Bosmina coregoni maritima* (females, \>0.7 mm); a small zooplankter, often reaching high abundance in the surface waters during summer and being occasionally important prey for zooplanktivorous fish, and (4) cladoceran *Cercopagis pengoi* (Barb Stages II and III); a large predatory zooplankter representing a secondary consumers a common prey for fish during summer. Thus, except for *C*. *pengoi*, all analyzed species are primary consumers and dominant species in the pelagic food web.

Reference samples used as a contamination control were hatched *Artemia* spp. nauplii (San Francisco Bay Brand) grown on axenic culture of *R*. *salina* (5 × 10^4^ cells mL^-1^) in artificial seawater (28 g L^-1^ of Instant Ocean synthetic sea salt; Aquarium Systems Inc., Sarrebourg, France). The animals were sacrificed after reaching a body length of \~2 mm and treated in the same way as the zooplankton samples. As no amplification was ever observed in the reference samples with *Artemia* guts (3 replicates, 25 guts sample^-1^), we beleive that no false positives were produced, and bacterial contamination during experimental procedure and sample preparation was either negligible or non-existent.

DNA extraction {#sec005}
--------------

From each specimen, the gut was excised with a sharp needle, a pair of ultrafine forceps under dissecting microscope; the instrumentation and glassware were sterile. In total, 36 samples, 25--50 guts sample^-1^ (depending on the animal size), were prepared ([Table 1](#pone.0230310.t001){ref-type="table"}, [S1 Text](#pone.0230310.s001){ref-type="supplementary-material"}). The guts were transferred into 1.5 mL centrifuge tubes for Chelex-based DNA extraction \[[@pone.0230310.ref021]\] following a protocol developed for analysis of prokaryotes in zooplankton \[[@pone.0230310.ref022]\]; See [S1 Text](#pone.0230310.s001){ref-type="supplementary-material"} for details on the laboratory procedures and [S1 Table](#pone.0230310.s002){ref-type="supplementary-material"} for the DNA yield in different species (Supporting Information).

qPCR assay {#sec006}
----------

Three main clades were considered as potential *hgcA*-targets, Deltaproteobacteria, Firmicutes, and Archaea, the Hg-methylators broadly present in the environment that have been reported to carry this gene \[[@pone.0230310.ref009]\]. For each clade, a separate SYBR Green qPCR assay was performed using a clade-specific protocol of Christensen and co-workers \[[@pone.0230310.ref010]\]. As a standard, a synthetic DNA oligonucleotide \[[@pone.0230310.ref023]\] comprising the clade-specific target sequence was constructed using a representative strain: *Dv*. *desulfuricans*, *Df*. *metallireducens*, and *Ml*. *hollandica*, for Deltaproteobacteria, Firmicutes, and Archaea, respectively ([S2](#pone.0230310.s003){ref-type="supplementary-material"} and [S3](#pone.0230310.s004){ref-type="supplementary-material"} Tables). The standards were cloned into plasmids and applied in five-step tenfold serial dilutions, 1.5 × 10^6^ to 1.5 × 10^2^ apparent copies of target DNA per reaction ([S4 Table](#pone.0230310.s005){ref-type="supplementary-material"}, [S2 Fig](#pone.0230310.s009){ref-type="supplementary-material"}). The qPCR primers and amplification conditions \[[@pone.0230310.ref010]\] were used for all test samples, reference samples, NTC and standards ([S3](#pone.0230310.s004){ref-type="supplementary-material"} and [S4](#pone.0230310.s005){ref-type="supplementary-material"} Tables). Under these conditions, qPCR yielded a single product in each standard and in the test samples within an assay as evidenced by the melt curve analysis ([S3 Fig](#pone.0230310.s010){ref-type="supplementary-material"}). No product was produced in the reference samples and NTC (non-template control) within the assay range (30 cycles).

Data analysis {#sec007}
-------------

The number of *hgcA* copies detected by qPCR was used to calculate the number of *hgcA* copies per individual and per μg of zooplankter wet weight (i.e., weight-specific number of Hg methylators). In these calculations, individual zooplankter weights \[[@pone.0230310.ref024]\] were used ([S6 Table](#pone.0230310.s007){ref-type="supplementary-material"}), and one copy of *hgcA* per cell as determined by Christensen and co-workers \[[@pone.0230310.ref010]\]. Given substantial variations in the amplification efficiency and detection limits for these qPCR assays among different bacterial strains that have been evaluated during the method development (efficiency: 60 to 90%, detection limits: 10^2^ to 10^6^ *hgcA* copies; see the [method](#sec002){ref-type="sec"} description \[[@pone.0230310.ref010]\]), any statistical comparisons between species/sites were not meaningful \[[@pone.0230310.ref025]\]. Therefore, we consider our results largely descriptive, indicative of the presence/absence of *hgcA* and, to a lesser extent, of the interspecific or geographical variation.

Results and discussion {#sec008}
======================

All four copepod species tested positive for *hgcA* genes ([Fig 1](#pone.0230310.g001){ref-type="fig"}), whereas no amplification was observed for the two cladocerans. Among the clades tested, the *hgcA* genes of only Deltaproteobacteria and Firmicutes, but not Archaea, were found in the copepod guts. Although there was a substantial imbalance in the sampling effort between copepods and cladocerans (25 vs. 8 samples; [Table 1](#pone.0230310.t001){ref-type="table"}), the occurrence of *hgcA*-positive samples for copepods only is suggestive of a difference. However, given the differences in the limit of quantification among the clades ([S4 Table](#pone.0230310.s005){ref-type="supplementary-material"}), the between-clade differences in the *hgcA* abundance should be treated with caution. Moreover, although Archaea are commonly reported to occur in zooplankton guts \[[@pone.0230310.ref026]\], the contribution of this group can be low compared to bacteria \[[@pone.0230310.ref027]\]. Therefore, the lack of *hgcA* amplification in the assays with archaeal primers may--at least in part--be related to the poor representation of these microorganisms in the guts. Considering the reported variability in the amplification efficiency of the qPCR assays among different bacteria tested with these assays \[[@pone.0230310.ref010]\] and unknown composition of the *hgcA*-positive microbiota, only rough interpopulation comparisons are possible. However, the overall findings suggest that microbiota of zooplankters carries *hgcA* genes and thus may be capable of Hg methylation, which remains to be demonstrated. The next step is to conduct experimental studies measuring the Hg methylation capacity in the copepods and cladocerans that were found to have such striking differences in the *hgcA* microbiota.

![Abundance of *hgcA* gene in the copepods collected in different areas of the Baltic Sea, ordered south to north.\
Data are shown as mean ± SD; *n* = 3 in all cases, except *Limnocalanus macrurus*, where *n* = 4 (note that each replicate sample is composed by 25--20 dissected guts); **s**ee [Table 1](#pone.0230310.t001){ref-type="table"} for the number of replicates and [S1 Fig](#pone.0230310.s008){ref-type="supplementary-material"} for the map of the sampling sites. No amplification was observed in any of the cladoceran samples. The individual-specific abundance (number of *hgcA* copies per individual) is shown in the upper panels and the weight-specific abundance (number of *hgcA* copies per μg wet weight of zooplankter) is shown in the lower panels (A and C: Deltaproteobacteria and B and D: Firmicutes; no amplification was observed for Archaea). Observe that set of species is unique for every station; when no value is given, no samples for the particular species was available for the analysis.](pone.0230310.g001){#pone.0230310.g001}

Whether bacteria-driven Hg methylation in zooplankton guts takes place depends not only on the occurrence of *hgcA*-carrying bacteria but also on the functional performance of these bacteria. To assess the *hgcA* expression, an analytical effort using available molecular tools, such as RT-qPCR, RNA sequencing, and RNA-SIP is required. Furthermore, a better understanding of community structure is needed. Although our results do not provide any taxonomic identification of the bacteria involved, the observed prevalence of Firmicutes among the *hgcA*-carriers ([Fig 1](#pone.0230310.g001){ref-type="fig"}) agrees well with a relatively high abundance of this bacterial group in the microbiome of other copepods \[[@pone.0230310.ref028],[@pone.0230310.ref029]\]. In future studies, a 16S rRNA gene diversity profiling and *hgcAB* amplification with high-throughput sequencing should be combined with *hgcA* quantification \[[@pone.0230310.ref011]\]. Broad-scale zooplankton sampling, including seasonal, spatial and vertical coverage, should provide material for such an evaluation.

If gut Hg methylation occurs, zooplankton may serve as a primary MeHg entrance point of global significance and affect variability in MeHg transfer to secondary consumers \[[@pone.0230310.ref003]\]. A mass-balance budget for the herbivourous marine copepod *Calanus hyperboreus* suggested that endogenous Hg methylation could account for up to 70% of the annual MeHg uptake in this species \[[@pone.0230310.ref030]\]. If these estimates are correct, they might explain why reported drivers of MeHg variability are often contradictory. Indeed, MeHg concentrations in herbivorous zooplankton vary among taxa \[[@pone.0230310.ref031],[@pone.0230310.ref032]\], demographic population structure \[[@pone.0230310.ref033]\] and growth stoichiometry \[[@pone.0230310.ref034]\]. In wild populations, however, these factors are difficult to disentangle \[[@pone.0230310.ref035]\], partly due to their ultimate dependence on body size. Todorova and co-workers \[[@pone.0230310.ref035]\] speculated that higher bioaccumulation of MeHg in larger species resulted from higher filtration efficiency being a function of body size, whereas Kainz and co-workers \[[@pone.0230310.ref031]\] attributed this size dependence to large zooplankton having larger anaerobic intestinal niches, where Hg methylation can take place \[[@pone.0230310.ref036]\]. Supporting the view of Kainz and co-workers \[[@pone.0230310.ref031]\], we found that larger copepods carried a greater number of *hgcA* copies, both per individual and per body mass. However, no amplification was observed in equally large cladoceran *Cercopagis*; the latter implies that not only body size, but also phylogenetic differences between the hosts are important. In the large-bodied copepods *L*. *macrurus* and *P*. *acuspes*, our estimate of *hgcA* genes yielded up to 10-fold higher values compared to the small-bodied *A*. *bifilosa* and *E*. *affinis*, with the difference being most pronounced for *Firmicutes* ([Fig 1](#pone.0230310.g001){ref-type="fig"}). The group-specific variability may affect spatial and seasonal contribution of endogenous MeHg to secondary consumers, because different zooplankton groups that vary in their ability to methylate Hg would have different capacity to contribute MeHg to bulk zooplankton. For example, at least in the Baltic Sea, the relative importance of gut Hg methylation and MeHg uptake by zooplankton would increase in winter due to the higher contribution of copepods to bulk zooplankton biomass \[[@pone.0230310.ref037]\].

The gut of copepods is likely to have anoxic conditions, at least in some species \[[@pone.0230310.ref036]\] and, thus, provides a suitable habitat for methylating microbes. Notably, the morphology of cladoceran gut predisposes it to active oxygenation, and gut microbiota in these animals is dominated by clones affiliated to aerobic or facultative anaerobic bacteria \[[@pone.0230310.ref038]\], which may explain the lack of *hgcA* amplification in our cladoceran samples. Hg-methylating genes have been detected in invertebrate microbiota, including termites, beetles, and oligochaetes \[[@pone.0230310.ref005],[@pone.0230310.ref016]\], and in some invertebrates the endogenous MeHg production has been documented \[[@pone.0230310.ref039]\]. As a life form, intestinal microbiota exists in biofilms, and such communities are increasingly recognized as important sites for environmental Hg methylation \[[@pone.0230310.ref040],[@pone.0230310.ref041]\]. Commensal biofilms are present in both planktonic and benthic animals that actively exchange gut and body-surface microbiota with the ambient microbial communities and other animals \[[@pone.0230310.ref042]\]. We found no *hgcA* genes in the gut of the predatory *Cercopagis pengoi*, which may indicate that the digestive system of predators with this feeding mode (puncturing exoskeleton of planktonic crustaceans and sucking soft body tissues) is less likely to become populated by Hg-methylating bacteria compared to filter-feeders that have a more active exchange with diverse microbial communities of seston.

The presence of Hg-methylating bacteria in copepod guts and, hence, in their carcasses and fecal pellets, could be an important and yet unquantified source for MeHg production in the water column \[[@pone.0230310.ref043]\]. Remineralization of organic matter is associated with elevated MeHg production \[[@pone.0230310.ref043],[@pone.0230310.ref044]\], and Hg methylation potential is higher in fresh organic matter than in decomposed material \[[@pone.0230310.ref007],[@pone.0230310.ref044]\]. Zooplankton fecal pellets, a considerable fraction of settling marine organic matter, are almost completely remineralized in the water column, while degraded phytoplankton and terrestrial organic matter aggregates are more likely to reach the sea floor \[[@pone.0230310.ref045]\]. The presence of active Hg-methylating bacteria in fecal pellets could increase Hg methylation efficiency compared to non-fecal organic matter, where a lag phase related to colonization time is expected. In the latter case, the ecological niche for Hg-methylating bacteria might not become available until the most labile parts of the organic matter are already remineralized, resulting in lower MeHg production. Ingestion of fecal pellets by mesopelagic zooplankters and benthic animals could also facilitate spread of methylators among invertebrates and enrich these consumers with microflora of epipelagic zooplankters. In addition, these pellets can become enriched in Hg methylators during the time spent in the water column. In line with this, we found higher *hgcA* abundances in *P*. *acuspes* and *L*. *macrurus* residing in deeper water layers compared with *A*. *bifilosa* and *E*. *affinis* inhabiting the epipelagic zone ([Fig 1](#pone.0230310.g001){ref-type="fig"}).

One can speculate that endogenous Hg methylation in zooplankton could help explain spatial and temporal trends of fish MeHg concentrations in the Baltic Sea. The strong decrease in Hg inputs to the Baltic Sea during the last decades has not resulted in a consistent decrease in fish Hg levels across the sea \[[@pone.0230310.ref017],[@pone.0230310.ref046]\]. During this time, significant and basin-specific changes occurred in zooplankton communities \[[@pone.0230310.ref047]\] in concert with alterations in climate, nutrient inputs and terrestrial runoff \[[@pone.0230310.ref017],[@pone.0230310.ref044]\]. It is plausible that synchronous shifts in the methylation capacity of zooplankton, at both the individual microbiome and community levels, have taken place contributing to the MeHg dynamics in the food web. Experimental studies and quantitative analysis of the interactions between biotic and abiotic processes governing endogenous MeHg production is therefore essential, if we are to understand uptake and bioaccumulation of MeHg in water column and food webs.
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"I request permission for the open-access journal PLOS ONE to publish XXX under the Creative Commons Attribution License (CCAL) CC BY 4.0 (<http://creativecommons.org/licenses/by/4.0/>). Please be aware that this license allows unrestricted use and distribution, even commercially, by third parties. Please reply and provide explicit written permission to publish XXX under a CC BY license and complete the attached form."

Please upload the completed Content Permission Form or other proof of granted permissions as an \"Other\" file with your submission.

In the figure caption of the copyrighted figure, please include the following text: "Reprinted from \[ref\] under a CC BY license, with permission from \[name of publisher\], original copyright \[original copyright year\]."

b\. If you are unable to obtain permission from the original copyright holder to publish these figures under the CC BY 4.0 license or if the copyright holder's requirements are incompatible with the CC BY 4.0 license, please either i) remove the figure or ii) supply a replacement figure that complies with the CC BY 4.0 license. Please check copyright information on all replacement figures and update the figure caption with source information. If applicable, please specify in the figure caption text when a figure is similar but not identical to the original image and is therefore for illustrative purposes only.

The following resources for replacing copyrighted map figures may be helpful:

USGS National Map Viewer (public domain): <http://viewer.nationalmap.gov/viewer/>

The Gateway to Astronaut Photography of Earth (public domain): <http://eol.jsc.nasa.gov/sseop/clickmap/>

Maps at the CIA (public domain): <https://www.cia.gov/library/publications/the-world-factbook/index.html> and <https://www.cia.gov/library/publications/cia-maps-publications/index.html>

         NASA Earth Observatory (public domain): [http://earthobservatory.nasa.gov/](http://earthobservatory.nasa.gov/%20)

Landsat: <http://landsat.visibleearth.nasa.gov/>

USGS EROS (Earth Resources Observatory and Science (EROS) Center) (public domain): [http://eros.usgs.gov/\#](http://eros.usgs.gov/)

         Natural Earth (public domain): <http://www.naturalearthdata.com/>
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Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: This is a well written and concise manuscript describing the potential for mercury-methylation within zooplankton. This is potentially an important mechanism for understanding the overall mercury dynamics in aquatic food webs. The material is a bit limited making far-reaching conclusions difficult to draw. A more comprehensive study would have been achieved if authors would have waited with publication until more quantitative data was available. But they are clear about the limitations in the manuscript, and if the Editor agrees, this study could be published as a proof-of-concept study.

Apart from this general comment I only have a few minor comments.

Line 89: Year seems to be missing in the reference.

Line 128: Please give rationale for selecting these clades.

Line 241: This section is speculative. Please make sure that you refer to this as a suggestion/hypothesis that needs further testing.

End of review

Reviewer \#2: Review of the manuscript PONE-D-19-31877 Mercury-methylating bacteria are associated with copepods: a proof-of-principle survey in the Baltic Sea, by Elena Gorokhova, Anne L. Soerensen and Nisha H. Motwani.

The manuscript deals with a very intriguing topic, that Hg-methylating microorganism associated with zooplankton gut microbiota might play a role in food-web transferring of MeHg. I found the topic very interesting from an ecological and ecotoxicology point of view. The manuscript is clear and well written and the experimental sections are robust. I only have some minor comments.

EXPERIMENTAL

Line 75: 'Zooplankton were collected.......'

Please provide the experimental details for plankton sampling and sorting.

Line 110: 'Reference samples used as a contamination control were hatched Artemia spp. \...\...'

Where Artemia used to test whether bacterial contamination occurred during the experimental procedure?

qPCR assay

Line 134: ........1.5×106 to 1.5×102 apparent copies of target DNA per reaction.

Why the DNA concentration is expressed as apparent copies of target DNA and not as ng/μl? Did the authors loaded a known copy number of synthetic DNA oligonucleotides per reaction?

Discussion

As the authors discussed the importance of fecal pellets for Hg methylation, I was wondering whether there was any visible fecal material in the copepod gut during feeding on Rhodomonas salina and if these could have affected the results.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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26 Dec 2019

See Reply to Reviewers file.
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Submitted filename: Reply to Reviewers.pdf
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Click here for additional data file.
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This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

17 Jan 2020

PONE-D-19-31877R1

Mercury-methylating bacteria are associated with copepods: a proof-of-principle survey in the Baltic Sea

PLOS ONE

Dear Professor Gorokhova,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

We would appreciate receiving your revised manuscript by Mar 02 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Alberto Amato

Academic Editor

PLOS ONE

Additional Editor Comments (if provided):

Dear Authors,

please consider the comments from Reviwier \#3 who was added to the process at this stage for logistic issues.

Thank you
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Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: All comments have been addressed

Reviewer \#3: (No Response)

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#3: Partly

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#3: N/A

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#3: No

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: (No Response)

Reviewer \#3: General comments

The authors present an interesting story about potential for mercury-methylating bacteria in copepods, including a small sample set analyzed with previously published primers. The authors go on to speculate what the data might mean in the context of mercury distributions in the Baltic Sea.

The story is interesting, but my main concern is the specificity of the qPCR assays. What evidence do the authors have that these primers don't amplify genomic DNA from copepods, or from some other microbial targets? Was the zooplankton food (Rhodomonas) tested for these targets?

Were the actual data provided with the manuscript (raw data showing data for all replicates etc.) I did not see them.

The text has a few issues with grammar and style. I have indicated some examples of these issues in my review below.

Specific comments

L11 food-webs \>food webs

L12-14 Sentence should be reworded. It seems you refer to the sediments and detritus as a 'source', but it is unclear what product originates from 'the source'; the wording should be revised for clarity.

L15 Baltic \> Baltic Sea

L38 in a some \> in some

L43 I suggest deleting 'thus' here, as the sentence seems independent from the prior sentence.

L64 Baltic\>Baltic Sea

L95 Was the Rhodomonas culture axenic? Did you test the presence of MeHg genes in the culture?

L139 The authors heavily cite previous studies on the qPCR method. Some more detail on qPCR approach should be provided. State that the assay was a SYBR assay and explain how you determined whether there was non-target amplification (i.e. explain results from melt curves). The DNA extraction method seems fairly 'dirty' as it does not include Proteinase nor a purification step beyond the Chelex step. Did you conduct inhibition tests with the copepod DNA (see my comment on the supplementary text)?

L156-157 Here you assume that there is one gene copy per cell and one genome per cell. Some justification for this is needed. I would avoid speculating this far with qPCR data, especially with all the uncertainties highlighted by the authors.

L159 Detection limit of 10\^6 is alarmingly high for one of the assays (essentially means a non-detect as such amplification could easily occur with non-targets). The test efficiency of 60% is also alarmingly low, suggesting poor match with target and primers, or degraded standards or primers. The authors may consider changing the names for the primers or specifying what they actually amplify.

L166 were tested \> tested

L171-173 Sentence should be reworded for clarity. The verb is very far from subject in the sentence which makes it very difficult to follow. I also don't follow what you mean by 'indicative'. Indicative of presence of mercury methylators? Please reword for clarity.

L176 lack of amplification of archaeal Hg-methylators?

L176-177 The sentence should be reworded for accuracy. There wasn't a difference in amplification efficiency among bacteria - the difference was among the qPCR assays targeting different bacterial Hg-methylation genes.

Fig 1. Caption

Baltic\>Baltic Sea

L185 You state that n=3-4; however, each sample was pooling many guts, correct? It would be helpful to remind the reader about it here.

L187 and 191 delete: 'positive' here and elsewhere where it appears with 'amplification'

L192-193 The figure x-axis explanation is confusing. It sounds like you are saying that absence of a species on the x-axis means there were no individuals of that species collected at that station; thus, it would follow that there were no zeros (no undetects) among the samples. Are you really meaning to say that in each case you ran qPCR with copepod DNA you always detected the targets? Please clarify.

L220-221 The sentence is confusing. I suggest breaking it into two to separately state what you mean by copy number differences and how this links with phylogenetic differences. Do you mean phylogenetic differences of the microbiomes or the zooplankton?

L222 yielded

Supplementary documents

S2 Figure

Include the amplification curve equations in the figure.

S4 Table

Write out in full the names of target organisms. Include the strain identifiers.

S1 text

QPCR 'setup'

The citations are inconsistent. At least in one case, a citation is included as a superscript, not in parentheses.

You state that you added 6 uL of DNA onto the wells, then 'dried' them for 30 min. This is an unusual step and should be explained.

You discuss melt curves here -- explain what they showed and how it influenced what data were included. If there were several peaks the data can\'t be used.

Spike test

Here you explain a spike test conducted with the cladoceran DNA. Did you conduct a similar test with the copepod DNA to confirm there was no inhibition?

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#3: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Mercury-methylating bacteria are associated with copepods: a proof-of-principle survey in the Baltic Sea

PONE-D-19-31877R2

Dear Dr. Gorokhova,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

With kind regards,

Alberto Amato

Academic Editor

PLOS ONE

Additional Editor Comments (optional):

All the points raised by the Reviewer(s) have been addressed.

please notice that PLoS ONE does not edit the text hence the authors have to take care of the formatting step. I realised that in the R2 version, the doi numbers in the reference list are typed in a different character, would you pleaase harmonise the list?

Reviewers\' comments:
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This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

3 Mar 2020

PONE-D-19-31877R2

Mercury-methylating bacteria are associated with copepods: a proof-of-principle survey in the Baltic Sea

Dear Dr. Gorokhova:

I am pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

For any other questions or concerns, please email <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE.

With kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. Alberto Amato

Academic Editor

PLOS ONE

[^1]: **Competing Interests:**The authors have declared that no competing interests exist.

[^2]: Current address: Department of Environmental Research and Monitoring, Swedish Museum of Natural History, Stockholm, Sweden
